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SUMMARY 
Electrospray ionisation tandem mass spectrometry has allowed the unambiguous 
identification and quantification of individual lens phospholipids in human and six animal 
models. Using this approach ca. 100 unique phospholipids have been characterized. Parallel 
analysis of the same lens extracts by a novel direct insertion-electron ionization technique found 
the cholesterol content of human lenses to be significantly higher (ca. 6 times) than lenses from 
the other animals. 
The most abundant phospholipids in all the lenses examined were choline-containing 
phospholipids. In rat, mouse, sheep, cow, pig and chicken, these were present largely as 
phosphatidylcholines, in contrast 66% of total phospholipid in Homo sapiens was 
sphingomyelin, with the most abundant being dihydrosphingomyelins, in particular 
SM(d18:0/16:0) and SM(d18:0/24:1). The abundant glycerophosphopholipids within human 
lenses were found to be predominantly phosphatidylethanolamines and phosphatidylserines with 
surprisingly high concentrations of ether-linked alkyl chains identified in both classes. This 
study is the first to identify the phospholipid class (headgroup) and assign the constituent fatty 
acid(s) for each lipid molecule and to quantify individual lens phospholipids using internal 
standards. These data clearly indicate marked differences in the membrane lipid composition of 
the human lens compared to commonly used animal models and thus predict significant 
variation in the membrane properties of human lens fibre cells compared to those of other 
animals. 
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INTRODUCTION 
The main body of the lens consists of concentric layers of slender, crescent shaped fibre cells, 
effectively creating a tightly packed arrangement of cell membranes. The main structural components of 
these cell membranes are integral membrane proteins, phospholipids and cholesterol. Phospholipids are a 
diverse range of molecules, consisting of a “head” group and one or two fatty acid “tails”. While the “head” 
denotes the class of phospholipid (e.g., phosphatidylethanolamine, phosphatidylcholine etc.) different 
combinations of fatty acid “tails” result in a myriad of possible molecules within each class. 
It has previously been observed that the lipid composition of lens fibre cell membranes varies 
between animal species [1-4] and it has been suggested that phospholipid content may be correlated with 
maximum lifespan [5]. Human and primate lenses have been found to be rich in dihydrosphingomyelins, 
with these phospholipids comprising approximately 50% of total phospholipid in humans [6, 7]. 
Dihydrosphingomyelins are present as only minor constituents in non-primate lenses with the major 
phospholipid classes in shorter-lived animals being mostly phosphatidylcholine, sphingomyelin and 
phosphatidylethanolamine [2, 3, 8].   
Previous investigations of lens cell membrane composition typically utilized techniques such as 
31Phosphorus nuclear magnetic resonance (31P NMR) spectroscopy [2, 9-11] to analyse the phospholipid 
“heads”. This technique resolves phospholipids based on their head-groups alone and provides little 
information on the fatty acid composition. Gas chromatography has been used to examine the fatty acid 
“tails” [4] and this involves initial hydrolysis of the lipids followed by derivatisation. Experiments using 
gas-chromatography have shown that human lenses contain largely palmitic acid and a monounsaturated 
24-carbon chain fatty acid [12, 13], whilst in bovine and rabbit lenses a monounsaturated 18-carbon chain 
fatty acid predominated [14]. Thin-Layer chromatography has been used in conjunction with gas 
chromatography in order to identify the fatty acids associated with a particular class of phospholipids in 
rabbit lenses [8] but such studies do not characterize the molecular structure of individual lipids.  
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Matrix-assisted laser desorption ionization mass spectrometry (MALDI) has also been used for the 
characterisation of phospholipids in porcine [15], bovine [16] and human [17] lenses. Analysis of 
phospholipid mixtures is difficult using MALDI as there are significant differences in the ionisation 
efficiencies of different classes [18] and thus only relative quantitation has been achieved [15]. In the 
current study the use of internal standards for each phospholipid class enabled quantitation of all molecules 
detected by allowing for the differences in ionisation efficiency.  Experiments using MALDI deduced that 
there are approximately 80 different phospholipids in porcine lenses [15], however they were not capable of 
distinguishing between isobaric phospholipids because identification was based solely upon the mass-to-
charge ratio (m/z) of the parent phospholipid [15].  MALDI provided only the total acyl chain composition 
of each phospholipid (e.g., 36:2) and therefore complete characterisation of individual phospholipids at a 
molecular level was not possible (i.e., 36:2 may be 18:1/18:1 or 18:0/18:2) [15]. By contrast a triple-
quadrupole mass spectrometer, capable of neutral loss, precursor ion and fragment ion scans, such as the 
one used in this study, can be used to unambiguously identify the molecular composition of 
glycerophospholipids and sphingolipids in a tissue extract.  
“Shotgun lipidomics” is a contemporary, electrospray-ionisation tandem mass spectrometry (ESI-
MS/MS) based method that can be used for the complete characterization of phospholipids in lipid extracts 
[19]. This method is capable of not only providing quantitative information on lipid classes, but also precise 
information on the fatty acid composition of each individual phospholipid [20, 21]. In this study ESI-
MS/MS was employed to provide quantitative data on the phospholipid composition of lenses from several 
animals. In addition, a novel direct insertion electron ionisation mass spectrometry (DI/EI-MS) method was 
developed and implemented for the rapid quantification of free cholesterol in the same lipid extracts.  
Electrospray ionisation of cholesterol is generally inefficient in crude lipid extracts due to the presence of 
more readily ionisable phospholipids. While this limitation can be overcome by fractionation, the method 
presented here can be used in parallel with the electrospray analysis and does not require time-consuming 
chromatographic separation of the extract. 
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Human lenses are difficult to source reliably, so it is understandable that animal tissues are often 
used as models for the study of human lens disorders. Rodent lenses are the most commonly used [22-29]; 
however investigators have also used pig [30-33], sheep [34, 35], cow [36-38] and chicken [39-41]. One 
purpose of this study was to characterise the membrane composition of lenses from humans as well as those 
from commonly used experimental animals in order to discover how close the membranes of animal lenses 
are to humans, and in this way provide information as to the most appropriate animal model for the human 
lens. The current study is the first to identify the fatty acids associated with individual phospholipids in the 
human lens and also the lenses of commonly used experimental animals. This novel information provides 
valuable new insight into the biophysical and biochemical properties of the lens fibre cell membranes in 
these animals. 
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MATERIALS AND METHODS 
Materials 
All organic solvents used were HPLC grade and purchased from Crown Scientific (Moorebank, 
Australia). Analytical grade butylated hydroxytoluene (BHT) was purchased from Sigma Aldrich 
(Castle Hill, Australia). Phospholipid standards were synthesised by Avanti Polar Lipids (Alabaster, 
USA) and purchased from Auspep (Parkville, Australia) with the exception of GPCho (20:0/20:0) 
that was purchased from Sigma Aldrich (Castle Hill, Australia).  
 
Lenses 
Eyes were obtained from the following sources in N.S.W., Australia : Bovine, Wollondilly Abattoirs, 
Picton; Porcine, Crownpork, Strathfield; Ovine, Milton District Meats, Milton; Chick, Inghams, 
Hoxton Park.  Male C57bl/6 mice were obtained from the Animal Resource Centre (Perth, Australia), 
kept under standard 12:12 light: dark conditions and euthanized by exposure to carbon dioxide. Male 
Sprague-Dawley rats were obtained from Animal Resource Centre (Perth, Australia), kept under 
standard 12:12 light: dark conditions and euthanized by peritoneal injection of sodium pentobarbitone 
at a concentration of 0.6 mg/g body weight. Lenses were removed from mouse, rat, cow, pig, sheep 
and chick eyes within 6 hours of death and stored at -80 °C until required. All animal experiments 
conducted were approved by the animal research ethics committee at the University of Wollongong.  
Human lenses were collected from eyes donated to the New South Wales Lions Eye Bank at the 
Sydney Eye Hospital and included three 60 year old females and one 60 year old male. These tissues 
were stored at -80 °C until required. This work was approved by the human research ethics 
committees at the University of Sydney (# 7292) and the University of Wollongong (HE 99/001). 
Four lipid extracts were obtained and analysed from lenses from each of the 7 species examined in 
this study (i.e., n=4).  For rat, chick, cow, pig, sheep and human, each lipid extract was obtained from 
a single lens. In human, each of the four lenses studied was from a different human subject. For 
mouse, five lenses were pooled to provide sufficient tissue for each of the four lipid extracts (i.e., a 
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total of 20 mouse lenses). For each of the seven species the data was analysed and the quantity of 
individual phospholipids was averaged for the four extracts and the standard error of the mean was 
calculated (n=4). 
 
Nomenclature 
In this paper glycerophospholipids and sphingolipids will have the abbreviations of Fahy et al.[42]. 1-
O-alkyl ether and 1-O-alkenyl ether lipids will have the abbreviations employed by Zemski Berry et 
al. [43]. Cholesterol and deuterated cholesterol will have the abbreviations (CHOL) and (CHOLD6), 
respectively.  
 
Lipid Extraction 
Lenses were frozen under liquid nitrogen, ground using a mortar and pestle and chloroform:methanol 
(2:1 v/v) containing 0.01% BHT was added to the lens material at a ratio of 20:1 solvent to tissue 
(v/w). A methanolic internal standard solution was prepared comprising GPCho (19:0/19:0), 95 µM; 
SM (d18:0/12:0), 84 µM; GPSer (17:0/17:0), 34 µM; GPEtn (17:0/17:0), 39 µM; GPGro (17:0/17:0), 
25 µM, GPA (17:0/17:0), 25 µM. The concentration of each internal standard was optimised to reflect 
the different concentrations of lipid classes within the lens extracts. The internal standard solution 
was prepared by appropriate dilution of individual stock solutions where the concentration of each 
had been independently established by phosphorus assay [44]. The internal standard mixture was 
added to the homogenates at 1400 µL.g-1(tissue) for later quantification of phospholipids. The 
homogenates and solvents (including internal standards) were rotated overnight and standard 
procedures to obtain the lipid extract were followed thereafter as described by Folch et al. [45] with 
the exception that sodium chloride was substituted with aqueous ammonium acetate (0.15 M). Total 
phospholipid concentration of each crude lipid extract was determined by phosphorus assay [44] and 
samples were stored at -80 ºC until analysed.  
 8 
 
Mass Spectrometry 
All mass spectra were obtained using a Waters QuattroMicroTM (Waters, Manchester, U.K.) 
equipped with a z-spray electrospray ion source and controlled by Micromass Masslynx version 4.0 
software.  Capillary voltage was set to 3000 V, source temperature 80 °C and desolvation temperature 
120 °C. Cone voltage was set to 50 V and 35 V in negative and positive ion modes, respectively. 
Nitrogen was used as the drying gas at a flow rate of 320 L.h-1. Phospholipid extracts were diluted to 
a final concentration of 40 µM with the addition of methanol:chloroform (2:1 v/v). Samples were 
infused into the electrospray ion source at a flow rate of 10 µL.min-1 using the instrument’s on-board 
syringe pump. In all precursor ion, neutral loss and product ion scans, argon was used as the collision 
gas at a pressure of 3 mTorr and the collision energy was set between 22-50eV depending upon the 
scan being performed (see Supplementary Material Table S1). GPA, GPGro, GPEtn, GPSer and 
GPIns form [M-H]- anions in negative ion mode and were detected in the mass range of m/z 640-940. 
SM and GPCho were detected in positive ion mode at m/z 640-850. GPEtn and GPSer also form 
abundant [M+H]+ ions in positive mode that were used for quantification of these two classes. The 
formation of these ions was enhanced, in some instances, by the addition aqueous ammonium acetate 
(1 M) [46]. A combination of precursor and neutral loss scans were used to identify the headgroup of 
each phospholipid in positive and negative ion modes as previously demonstrated [47].  For 
phospholipid classes observed in negative ion mode, precursor ion scans of the fatty acid carboxylate 
anions were used for the identification of the fatty acids coupled with each individual phospholipid. 
For the identification of GPCho-coupled fatty acids, neutral loss scans for the loss of lithiated fatty 
acids were performed in positive ion mode after the addition of aqueous lithium acetate to the lipid 
extract (to a final concentration of 200 µM of lithium acetate). To distinguish between SM(d18:1) and 
SM(d18:0), neutral loss scans specific for the  sphinganine (431.2 Da) or sphingosine (429.2 Da) 
backbone, respectively, were performed in the presence of lithium acetate [48]. The identification of 
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suspected GPEtn 1-O-alkenyl (plasmenyl) ether phospholipids was confirmed by product ion scans of 
the [M+H]+ molecular ion that revealed characteristic fragment ions for the alkenyl ether linked 
carbon chain and the ester linked carbon chain [43]. These spectra also revealed a characteristically 
low abundance of the fragment ion resulting from the neutral loss of 141 Da as previously reported 
[43].  A full record of all scans performed in this study, including the collision energy employed, is 
provided as supplementary information (see Table S1). 
Where two or more isomeric phospholipids were identified, a product ion spectrum was 
obtained and the relative abundance of each isomer was determined from comparison of the 
combined abundances of the two fatty acid carboxylate ions arising from each lipid with the 
combined peak area of all carboxylate anions present. Neither the relative position of the acyl chains 
on the glycerol backbone [49] (often called the sn-position) nor the position of double bonds [50, 51] 
can be rigorously assigned from these data and therefore discussions in this paper are based on the 
naturally abundant regioisomers only.  
For phospholipid quantification, headgroup-specific neutral loss and precursor ion mass 
spectra were obtained from averaging a minimum of 100 scans. Phospholipids were quantified by 
comparing their peak areas with the appropriate internal standard for each class after correction for 
isotope contributions (see below) [19]. Although there exist differing reports in the literature, some 
authors have suggested a decreasing detection efficiency for phospholipids with increasing acyl chain 
length and have thus recommended the use of two or more internal standards for each phospholipid 
class [47, 52, 53].  Examination of this effect was carried out under our experimental conditions for 
the representative m/z 184 precursor ion scan used for quantification of phosphatidylcholines. A 
mixture of the phospholipid standards GPCho (15:0/15:0), GPCho (17:0/17:0), GPCho (19:0/19:0) 
and GPCho (20:0/20:0) was prepared at concentrations ranging from 20-160 µM (total lipid) by 
quantitative dilution of stock solutions of each lipid where the concentration had been independently 
verified by phosphorus assay [44]. Precursor ion scans of these standard solutions revealed no change 
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in detection efficiency with acyl chain length across the mass (m/z 706-846) and concentration (20-
160 µM total lipid) ranges used in this study (these data are provided as supplementary material, 
Figure S1). These observations are supported by several other studies, that have also shown no trend 
in detection efficiency at total phospholipid concentrations below 50 µM [19, 54, 55] as used here. 
Thus in the present study we employed a single internal standard for quantification of each 
phospholipid class in-line with literature precedent [47, 55-58]. 
Isotope corrections were used to correct for; (i) the greater contribution of isotopic ions to 
the total abundance of larger phospholipids, and (ii) the contribution of isotope peaks of one 
phospholipid to the area of the monoisotopic peak of a larger one. To achieve this, the isotopic ion 
distribution of each phospholipid was calculated from isotope models and the area of the 
monoisotopic peak multiplied by the calculated correction factor. This calculation started with the 
smallest observed phospholipid so that any contribution of its isotope peaks to the area of 
phospholipids of greater m/z could be subtracted before subsequent isotope calculations were 
performed.    
An approximate quantification of GPIns was achieved via comparison of the abundance of 
the [M-H]- molecular ion with that of the GPGro (17:0/17:0) internal standard in negative ion mode. 
An empirical correction factor of 0.75 was applied to account for the differences in relative ionisation 
efficiencies of the two head groups [53]. A correction factor of 3.4 was also employed for the 
quantification of GPEtn 1-O-alkenyl to account for the different fragmentation efficiency of these 
ethers compared with diacyl GPEtn in forming the neutral loss of 141 Da [58].  
It has been suggested that inherent limitations of the shotgun approach, mostly associated 
with ion suppression effects  (and lipid-lipid interactions at high concentrations), make it a semi-
quantitative method with estimations of experimental uncertainty as high as 5% [19]. Comparison of 
lipid profiles acquired under the same conditions, as carried out in this experiment however, are 
expected to significantly reduce the associated uncertainty through cancellation of systematic errors.  
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Mass Spectrometry of Cholesterol 
A ShimadzuTM QP5050 GC-MS was used for cholesterol quantification by direct-insertion electron-
impact mass spectrometry (DI/EI-MS). A direct insertion probe was used to bypass the gas 
chromatograph. Approximately 1 µL of sample was drawn into the open end of a heat-sealed glass 
capillary tube, allowed to dry at room temperature before direct insertion into the mass spectrometer. 
A temperature program was chosen to heat the probe to 200 ºC and provide optimal thermal 
desorption of the analytes. Deuterated cholesterol (CHOLD6) was used as the standard to generate a 
standard curve, prepared by using cholesterol (CHOL) and CHOLD6 in mass ratios ranging from 0.1 
to 3.0 CHOL/CHOLD6. Selected ion monitoring (CHOL: m/z 386, 353; CHOLD6: m/z 392, 359) was 
used to generate the standard curve and to quantify cholesterol for each sample. Lipid extracts from 
mouse, rat, pig, cow, sheep, chick and human lenses were used in the study. CHOLD6 was added to 
each of the lipid extracts and ion intensity ratios of the ions listed above were used with the standard 
curve to determine the concentration of cholesterol in the lens lipid extracts. 
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RESULTS 
1. Lens Phospholipids 
All phospholipids detected by ESI-MS/MS in lenses from the seven species were identified 
and quantified and the full data set is provided as supplementary material (Table S2-6). These data 
are summarised in Figure 1, which shows the content of all classes of glycerophospholipid and 
sphingomyelin in the lenses of each of the seven species investigated. Figure 1 illustrates the unique 
phospholipid composition for each animal species and shows the animals most similar in 
phospholipid class distributions are sheep, cow and pig. The most abundant phospholipids identified 
in all lenses were choline-containing, namely phosphatidylcholine (GPCho), sphingomyelins 
(SM(d18:1)) and dihydrosphingomyelins (SM(d18:0)).  GPCho dominated the phospholipid profiles 
of all of the non-human animals, ranging from 410-950 nmol.g(tissue)-1, representing 31-46 % of 
total phospholipids. GPCho was found to have the lowest concentration in man (370 nmol.g(tissue)-) 
representing only 11% of total human lens phospholipids. In particular, the GPCho concentration in 
mouse and rat lenses were more than double that found in human. Of the other phospholipid classes 
sphingomyelin was also abundant, contributing between 280-390 nmol.g(tissue)-1 in all the non-
human mammals. GPEtn and GPSer also contributed significantly accounting for a combined ca. 
37% of the total phospholipid pool. In all of the animal lenses, phosphatidic acid (GPA) and 
phosphatidylinositol (GPIns) were minor constituents contributing a combined total of less than 6% 
of total phospholipids.  
The human lens was distinctly different from all of the other animals, with 
dihydrosphingomyelins alone contributing 1640 nmol.g(tissue)-1. This represents almost half of total 
phospholipid in the human lens and almost double the concentration of any other lipid class in any of 
the other six species. Although the proportion of GPEtn in man appears to be within the range of the 
other animals (Figure 1), a detailed examination revealed that the major phospholipids in this class 
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were 1-O-alkyl ethers distinct from the abundant diacyl GPEtn identified in all other animals except 
chick. These trends are discussed in more detail below.  
 
[Figure 1] 
 
2. Choline-containing lipids 
Choline-containing phospholipids are known to be the most abundant phospholipids in mammals 
[59]. Phosphatidylcholine, sphingomyelin and dihydrosphingomyelin were identified in the lens 
extracts using precursor ion scans for m/z 184 in positive ion mode. Representative mass spectra for 
each of the seven species are presented in Figure 2. A qualitative examination of these raw data 
suggests that although there are some differences between the non-human animals, they appear to 
contain the same major lipid molecules. These spectra are dominated by ions at m/z 706, 734 and 760 
that were assigned by these and complementary mass spectra (see Materials and Methods) to GPCho 
(14:0/16:0), (16:0/16:0) and (16:0/18:1), respectively. Figure 2 also shows that the human lens differs 
markedly in that the most abundant choline-bearing lipid is observed at m/z 705 and is assigned to the 
completely saturated dihydrosphingomyelin SM (d18:0/16:0). Indeed, this difference is 
underrepresented in the raw data (Fig. 2) due to the significantly lower fragmentation efficiency of 
sphingomyelins in forming the m/z 184 ion compared to GPCho. Once quantification of 
sphingomyelins was achieved using a class-specific internal standard (SM(d18:0/12:0), m/z 649 
highlighted in Fig. 2) the dramatic difference in dihydrosphingomyelin concentration became clearly 
evident as highlighted in Figure 1.  
 [Figure 2] 
 
2a. Phosphatidylcholines 
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GPCho (16:0/16:0) was found to be one of the two most abundant phosphatidylcholines in all 
the animal lenses, with the exception of human (Table 1). In humans, the monounsaturated 
GPCho (16:0/18:1) was the most abundant contributing over 33% of all GPCho lipids.  The most 
abundant GPCho constituents in all animal species were found to be quite homogeneous, being 
composed of just two fatty acids, 16:0 and 18:1.  
 
[Table 1] 
2b. Sphingolipids 
Sphingolipids in the lenses of all species, with the exception of human, were found a relatively 
narrow concentration range of 300-470 nmol.g(tissue)-1 representing 15-29% of total 
phospholipid. In contrast the human lens was found to contain 2300 nmol.g(tissue)-1 of 
sphingomyelins representing almost 70% of all lens phospholipids. In general, the sphingolipids, 
sphingomyelin and dihydrosphingomyelin, differ from glycerophospholipids by having only one 
carbon chain linked (via an amide bond) to the sphingosine, or sphinganine backbone, 
respectively. In this study the identity of sphingomyelins was determined using the method of 
Hsu and Turk, which involves neutral loss scans for 429 and 431 Da to identify lithiated 
sphingomyelin and dihydrosphingomyelin, respectively [48]. In order to confirm the 
characterisation of the most abundant human lens phospholipids, fragment ion spectra of 
[M+Li]+ were obtained to show evidence of the sphingosine (m/z 264) or sphinganine (m/z 266) 
long-chain base. In the animal and human lenses in this study SM(d18:1) and SM(d18:0) were 
generally found to have associated carbon chains of 16:0 and 24:1. Table 1 shows that the single 
most abundant lipid in human lenses, which contributed >25% of all the human lens 
phospholipids, was the completely saturated SM(d18:0/16:0). This has previously been 
identified by Byrdwell et al. as the most abundant phospholipid in the human lens [60]. 
Dihydrosphingomyelins were detected in the other animals however only in trace amounts <3% 
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with the exception of chicken in which this class contributed a significant amount to its lens 
phospholipid profile (11%).   
 
3. Phosphatidylethanolamines 
Phosphatidylethanolamines were identified in the lens extracts using neutral loss scans for 141 
Da in positive ion mode. Representative mass spectra for each of the seven species are presented 
in Figure 3. A qualitative examination of these spectra reveal a larger variation in fatty acid 
composition than observed for GPCho (Fig. 2), or indeed any of the other glycerophospholipid 
classes (Fig 5,6, Table 1). These raw data (Fig. 3) suggest similarities between non-human 
mammals and some congruence in the GPEtn composition of human and chick. The most 
abundant ion in the spectra of non-human mammals was m/z 744 which based on these spectra 
and complementary spectra was assigned as GPEtn (18:1/18:1). This molecule was found to 
contribute 26-55% of total GPEtn in mouse, cow rat, pig and sheep. 
 
  [Figure 3] 
 
The most abundant ion in the 141 Da neutral loss spectra of chick and human was observed at 
m/z 730. A fragment ion spectrum in negative ion mode of the corresponding m/z 728 [M-H]- 
anion revealed a single fatty acid carboxylate anion at m/z 281. The observation of a lone radyl 
in this spectrum is consistent with an ether linkage at the sn-1 position on the glycerol backbone. 
Based on these data the lipid could be assigned as either an 1-O-alkenyl (plasmenyl) ether or an 
1-O-alkyl (plasmanyl) ether. To confirm the structural assignment, fragment ion spectra were 
obtained for the [M+H]+ ion of a range of suspected ether linked GPEtn. The fragment ion 
spectrum (Figure 4a) of the closely related GPEtn at m/z 728 (taken from pig) shows a fragment 
ion at m/z 339 indicative of a 1-O-alkenyl ether-linked monounsaturated 18-carbon chain. This 
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confirms the identity of the ion at m/z 728 as GPEtn (18:1p/18:1). The fragment ion spectrum of 
the [M+H]+ at m/z 730 is shown in Figure 4b and does not conform with the previously reported 
behaviour of phosphatidylethanolamines containing an 1-O-alkenyl ether linkage, notably no 
fragment ion corresponding to the sn-1 radyl is observed [43]. In an independent study using 
new technology, developed in our laboratory, this ion was definitively assigned to the structure 
of 1-O-alkyl ether GPEtn (18:1e/18:1) [51]. An analogous investigation of the structure of m/z 
704 in human identified this lipid as GPEtn (16:0e/18:1). 
 
 [Figure 4] 
 
GPEtn 1-O-alkyl ethers made up a large proportion (50%) of the total GPEtn in humans with the 
(18:1e/18:1) lipid alone contributing more than 40% of total GPEtn (Table 1). Similarly, in the 
chick lens, GPEtn (18:1e/18:1) was found to contribute more than 20% of phospholipids in this 
class. In contrast 1-O-alkenyl ethers, also known as plasmalogens, were significant contributors 
to the total GPEtn pool in rat and mouse where GPEtn (18:1p/18:1) was one of the two most 
abundant phosphatidylethanolamines with relative abundances of 21 and 11% (total GPEtn), 
respectively.  
 
4. Phosphatidylserines 
Phosphatidylserines were identified in the lens extracts using neutral loss scans of 185 Da in 
positive ion mode. The corresponding lipids were also identified in negative ion mode using 
neutral loss scans for 87 Da thus providing additional support for their assignment as 
phosphatidylserines (data not shown). Representative mass spectra for each of the seven species 
are presented in Figure 5. A qualitative examination of these raw data suggests that human is 
significantly different from other animals. Indeed, the most abundant phosphatidylserine present 
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in human, observed at m/z 748, is completely absent in cow, sheep, rat and mouse, and of 
negligible abundance in chick and pig. In other animals, the most consistently abundant GPSer 
are observed at m/z 788 and 790 which were identified by this and complementary scans as 
diacyl GPSer (18:0/18:1) and (18:1/18:1). These molecules contributed 17-55 and 15-33 % of 
total GPSer, respectively, in all the animal lenses (Table 1).  
A fragment ion spectrum in negative ion mode of m/z 746 was obtained from a human 
lens extract. This ion, the conjugate [M-H]- anion of the m/z 748 cation found to be abundant in 
human, revealed a single fatty acid carboxylate anion at m/z 281 and the notable absence of a 
fragment ion at m/z 153. The observation of a lone radyl in this spectrum and the absence of the 
glycerophosphate marker [47], is consistent with an ether linkage at the sn-1 position. Based on 
these data the lipid was assigned as an 1-O-alkyl (plasmanyl) ether, which was further supported 
by the unaltered abundance of these ions in the presence of strong acid excluding the possibility 
of an 1-O-alkenyl (plasmenyl) ether linkage in the molecule. Although unusual, there is 
precedent for the presence of these 1-O-alkyl phosphatidylserines in animal tissues such as rat 
lung [61]. The observation of 1-O-alkyl GPSer in the human lens is also consistent with the 
appearance of the analogous 1-O-alkyl ether GPEtn in the same tissue (see above). In humans, 
such GPSer 1-O-alkyl ethers were found to be the most abundant GPSer molecules with the 
combination of the ethers identified at m/z 748, 774 and 776 (Figure 5) contributing >60% of 
GPSer in human lens.  GPSer 1-O-alkyl ethers were also present in the chicken and to a lesser 
extent in pig (e.g., m/z 748 Figure 5), but were present at much lower levels compared to 
analogous ethers in GPEtn.  
[Figure 5] 
 
 
 
 18 
5. Phosphatidic acid, phosphatidylglycerol and phosphatidylinositol 
Figure 6 shows representative precursor ion scans of m/z 153 for all seven species which were 
used to identify diacyl glycerophospholipids in the following classes; GPA, GPGro, GPIns and 
GPSer.   These data reveal low abundances of both GPA and GPIns, with no significant amount 
of GPGro, in all lenses (Figure 6). Quantification of GPA and GPIns revealed that these classes 
contribute less than 150 nmol/g(tissue) and together represent <6% total phospholipids in any 
species investigated. In human and all animal lenses, except rat, GPIns (18:0/20:4) was the most 
abundant GPIns. 
 [Figure 6] 
 
6. Cholesterol 
A clear difference in the lens cholesterol concentration between humans and the other animals 
analysed can be seen in Figure 7. None of the animal lenses had a cholesterol concentration 
greater than 1 mg.g(tissue)-1 whereas the human lens contained 6.4 mg.g(tissue)-1.  
 
[Figure 7] 
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DISCUSSION 
Through the use of ESI-MS/MS, this study provides the first comprehensive identification 
and quantification of more than 100 lens phospholipids across seven animal species. This allows the 
first opportunity for direct interspecies comparison of lens phospholipids at this detailed level. The 
data show the lens membrane lipids of the seven animals examined to be quite distinct with the 
human lens lipid profile unique as highlighted in Figure 8. Specific features of the lenses of the seven 
animals that were investigated are discussed below: 
 
 [Figure 8] 
 
1. Mouse 
In terms of percentage, the mouse lens was the most GPCho-rich of all the lenses analysed 
(46% of total phospholipid) and it also it had the smallest relative amount of sphingomyelins (15%). 
Phosphatidylcholines were dominated by the completely saturated GPCho (16:0/16:0) which is in 
accord with previous work [46].  A previous study of phospholipids using 31P NMR suggested that 
phosphatidylethanolamines are the most abundant phospholipids in mouse lens (30 mol %) followed 
by phosphatidylcholines (21.5%) and sphingomyelins (20.5%) [2]. This is at odds with the current 
study, however, the significant contribution of unknowns to the total phospholipid composition of the 
lens in the previous study may account for some of this discrepancy. 
 
2. Rat  
Our finding that the rat contained 41% total PC and 16% SM (d18:1) is in agreement with 
previous studies which have reported rat lenses as having between 31-43% GPCho and only 6-16% 
SM(d18:1) [2, 3, 62]. The SM(d18:1) were mostly comprised of short chain saturated (16:0) and long 
chain (24:1) fatty acids.  
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3. Pig 
Pig lenses were similar in overall lipid composition to cow and sheep (Figs 1 and 8). This is 
not surprising owing to their shared taxonomy, i.e., all are even-toed ungulates.  
Using a protracted series of techniques Byrdwell has previously identified a broad range of 
sphingomyelins in the pig lens [63] approximately half of which were also identified in the current 
study of the entire phospholipidome. Data from the present study shows the pig lens to contain 26% 
SM (d18:1) which is in accord with previous studies showing SM(d18:1) to contribute  21-31% of pig 
lens phospholipids [2, 3, 64]. Dihydrosphingomyelins were detected in small amounts in pig lenses 
with this class contributing 3% of total phospholipids and 10% of total sphingolipids which is in 
agreement with previous HPLC studies reporting dihydrosphingomyelin at 14% of sphingolipids 
[63]. At the molecular level the most abundant sphingomyelin and dihydrosphingomyelin were found 
to be SM (d18:1/16:0) [15, 63] and (d18:0/16:0) [63] which is also in agreement with literature 
precedent.  
In previous studies GPEtn had been found to contribute 24-34% of total porcine lipids [2, 3]. 
This is in contrast to the present study where all GPEtn lipids contributed 12% of total lipids. Two 
recent studies described GPEtn 1-O-alkenyl ethers as being major lipids in porcine lenses (e.g., 
12.2% of total phospholipids) [2, 15].  In our study we found alkenyl ether-linked lipids to contribute 
22% of GPEtn species and therefore 2.6 % of total pig lens phospholipids. 
 
 
4. Sheep 
Published data on sheep lens lipids vary considerably. One study reported 30.5% SM(d18:1) 
and 20 % GPCho, [3] whereas a later paper listed 14.3% SM(d18:1) and 33% GPCho [2]. Our results 
of 20% SM (d18:1) and 37% GPCho are closest to the study by Iwata et al.[2]  The present study 
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detected GPEtn as 22% of total phospholipids, which is in broad agreement with previous studies 
where GPEtn was found to contribute 29-33 % of total phospholipids [2, 3].  
 
5. Cow 
Bovine lenses had the largest proportion of SM(d18:1), but appeared not unlike the sheep 
and pig in terms of the overall distribution of the various phospholipid classes in both absolute and 
relative terms (Figs 2 and 8). In bovine lenses it has previously been reported that the major 
phospholipids contain the saturated palmitic acid and monounsaturated oleic acid, contributing 33 and 
34% of total fatty acids respectively [1]. This is in agreement with the present study with one or both 
of the two major phospholipids in each class containing either 16:0 or 18:1. Early studies described 
phosphatidylethanolamine, including the ether-linked variants, to be major phospholipids in the 
bovine lens with reports of GPEtn comprising 34% [3] and 28.6% [2] total phospholipids. This is in 
broad agreement with the present study in which bovine lenses were found to contain GPEtn at 22% 
with 1-O-alkenyl ethers contributing 12.6% of total GPEtn and almost 3% of total phospholipids. 
Consistent with  the results of this investigation, phosphatidylcholine and sphingomyelin have been 
reported to be the major classes of phospholipids in the bovine lens [5].  
 
6. Chick 
The bird lens contained the highest absolute (ca. 600 nmol/g) and relative (26% of total 
phospholipids) amount of GPEtn of all the animals.  Significant amounts of dihydrosphingomyelins 
were also present with these molecules contributing 11% of total phospholipids and 55% of total 
sphingolipids. The fatty acid composition was similar to that of human dihydrosphingomyelin with 
the major lipids present being SM (d18:0/16:0) and (d18:0/24:1). Of most interest, chick lenses 
appear to contain the same major ether-linked fatty acids in GPEtn that are found in humans. The two 
most abundant classes in the chick lens were found to be GPCho and GPEtn, while previous reports 
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suggest chicken lenses contain sphingomyelin and phosphatidylethanolamine as the most abundant 
phospholipid classes [3].  
 
7. Human 
Human lenses are dominated by dihydrosphingomyelins, with SM (d18:0/16:0) being the 
most abundant phospholipid. This unusual phospholipid was first identified in the lens by Byrdwell 
and colleagues [7]. Dihydrosphingomyelin was found to be of similar abundance in teenage lenses 
(data not shown), suggesting that the abundance of this lipid class is not simply a function of age. The 
fatty acid composition of the two major sphingomyelins, SM (d18:1/16:0) and SM (d18:1/24:1) was 
the same as the dihydrosophingomyelins, which is in agreement with a previous report [60]. This is 
not surprising as the divergence between SM (d18:1)  and SM (d18:0) synthetic pathways occurs after 
ceramide synthase has attached the fatty amide [65]. Nevertheless, the elevated levels of 
dihydrosphingomyelins in human lenses suggest a preference for the SM (d18:0)  pathway, a situation 
that is theoretically compatible with a high cell oxidation state [65]. In concert with the current 
findings, the most abundant SM (d18:0) in human lens membranes have previously been reported to 
be SM (d18:0/16:0) and SM (d18:0/24:1) that contributed 57.8 and 23.3% of dihydrosphingomyelins 
respectively [60].  In the current study GPCho was found to represent only 11% of total 
phospholipids compared to a minimum of 28% in the other animals studied. This finding is supported 
by previous studies that indicate GPCho in human lenses is only a minor phospholipid class ( < 5% of 
total phospholipids) [2, 3, 9, 66]. 
Examination of phospholipid-bound fatty acids in the current investigation found the most 
abundant fatty acids to be 16:0, 18:0, 18:1 and 24:1 in accord with most previous studies of fatty acid 
composition in the human lens [4, 12, 13, 67]. One study, however, has reported that long chain fatty 
acids (25-26 carbons) contribute almost 25% of all fatty acids in the human lens [68] . No evidence 
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for these very long chain lipids was uncovered in this investigation or other studies of fatty acid 
composition [4, 12, 13, 67]. 
Also distinct from the other six species, human GPEtn and GPSer were both chiefly 
composed of ether-linked lipids. GPEtn (18:1e/18:1) was found to be the most abundant 
glycerophospholipid, and the fourth most abundant phospholipid overall in the human lens. The 1-O-
alkyl ethers in GPEtn differ only in the head group to the GPSer ethers and may provide evidence for 
a precursor-product relationship in agreement with the literature, i.e., GPEtn can be formed through 
decarboxylation of GPSer [69].  It is likely that the unusual GPEtn that we have described in human 
lenses, is the same as that documented previously as “PE-related” using 31P NMR [9]. Huang et al. 
were not able to completely identify these unusual phospholipids which were found to contribute 
between 27-34% of clear human lenses [9]. It was postulated, however, that they were not 1-O-
alkenyl ethers [9].  
The free cholesterol content of all lenses was also measured using a novel direct-insertion 
electron-ionisation mass spectrometric assay employing deuterated cholesterol as internal standard. 
The concentration in the non-primate lenses was quite constant across the species. In bird lenses the 
cholesterol appeared to be lower (mg/gram wet weight) than in mammals but this is likely to be a 
reflection of the higher water content of chicken lenses. Once again human lenses were unique in 
containing very high levels of cholesterol. Cholesterol in the human lens has been reported as 5.7 
mg/g in the cortex and 5.9 mg/g in the nuclear region [70], which is in broad agreement with our 
results. Previous research has shown bovine lenses to contain 0.67 - 0.92 mg/g [70], which is also in 
accord with our results.  
We can only speculate about the reasons for the significant differences that we observed in 
the lens lipids of the seven animal species. Nonetheless, such significant differences in membrane 
composition are likely to be associated with major differences in the biochemical and biophysical 
behaviour of the membranes. Membrane lipids represent only a part of the lens, and the protein 
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content and crystallin composition, as well as the complement of enzymes, also differ significantly in 
lenses from different species. The ratio of protein to lipid has been found to be 2.89 in humans lenses, 
whilst in cow and chicken it is 1.52 and 1.29 respectively [71, 72]. It appears that the lens is able to 
tolerate quite a wide range of membrane phospholipid and cholesterol content. 
It is clear that human lenses are quite different from those of commonly used animal models 
in terms of membrane lipid composition, and such differences need to be borne in mind when 
experimental data obtained from laboratory animals are used to make predictions about the properties 
of human lenses, particularly in relation to common clinical conditions such as presbyopia and 
cataract.  
 25 
ACKNOWLEDGEMENTS 
J.M.D. and J.R.N. are supported by Australian Postgraduate Awards. S.J.B and T.W.M. 
acknowledge the financial support of the University of Wollongong and the Australian 
Research Council (LP0455472). R.J.W.T is a National Health and Medical Research 
Fellow and acknowledges the financial support of the Australian Research Council and 
the Ophthalmic Research Institute of Australia. We gratefully acknowledge the 
technical assistance of Mr. Larry Hick. 
 26 
REFERENCES 
[1] P.S. Zelenka, Lens Lipids, Curr. Eye Res. 3 (1984) 1337-1359. 
[2] J.L. Iwata, L.G. Bardygula-Nunn, T. Glonek, J.V. Greiner, Interspecies 
Comparison of Lens Phospholipids, Curr. Eye Res. 14 (1995) 937-941. 
[3] R.M. Broekhuyse, Lipids in Tissues of the Eye. IV.  Influence of Age and 
Species Differences on the Phospholipid Composition of the Lens, Biochim. 
Biophys. Acta 218 (1971) 546-548. 
[4] G.L. Feldman, T.W. Culp, L.S. Feldmen, C.K. Grantham, H.T. Jonsson, 
Phospholipids in Bovine, Rabbit and Human Lens, Invest. Ophthalmol. 3 (1964) 
194-197. 
[5] D. Borchman, M.C. Yappert, M. Afzul, Lens Lipids and Maximum Lifespan, 
Exp. Eye Res. 79 (2004) 761-768. 
[6] M.C. Yappert, M. Rujoi, D. Borchman, D.B. DuPre, Dihydrosphingomyelin in 
Primate Lens Membranes: Correlation with Lens Growth, Invest. Ophthalmol. 
Vis. Sci. 44 (2003) 4480-. 
[7] W.C. Byrdwell, D. Borchman, R.A. Porter, K.G. Taylor, M.C. Yappert, 
Separation and Characterization of the Unknown Phospholipid in Human Lens 
Membranes, Invest. Ophthalmol. Vis. Sci. 35 (1994) 4333-4343. 
[8] J.O. Kim, E. Cotlier, Phospholipid Distributions and Fatty Acid Composition of 
Lysophosphatidylcholine and Phosphatidylcholine in Rabbit Aqueous Humor, 
Lens and Vitreous, Exp. Eye Res. 22 (1976) 569-76. 
[9] L. Huang, V. Grami, Y. Marrero, D. Tang, M.C. Yappert, V. Rasi, D. 
Borchman, Human Lens Phospholipid Changes with Age and Cataract, Invest. 
Ophthalmol. Vis. Sci. 46 (2005) 1682-1689. 
[10] J.V. Greiner, D.B. Auerbach, C.D. Leahy, T. Glonek, Distribution of Membrane 
Phospholipids in the Crystalline Lens, Invest. Ophthalmol. Vis. Sci. 35 (1994) 
3739-46. 
[11] T. Glonek, S.J. Kopp, Ex Vivo Phosphorus-31 Nmr of Lens, Cornea, Heart, and 
Brain, Magn. Reson. Imaging 3 (1985) 359-76. 
[12] L. Rosenfield, A. Spector, Changes in Lipid Distribution in the Human Lenses 
with the Development of Cataract, Exp. Eye Res. 33 (1981) 641-50. 
[13] L. Rosenfield, A. Spector, Comparison of Polyunsaturated Fatty Acid Levels in 
Normal and Mature Cataractous Human Lenses, Exp. Eye Res. 35 (1982) 69-75. 
[14] R.E. Anderson, M.B. Maude, G.L. Feldman, Lipids of Ocular Tissues. I. The 
Phospholipids of Mature Rabbit and Bovine Lens, Biochim. Biophys. Acta 187 
(1969) 345-53. 
[15] R. Estrada, M.C. Yappert, Regional Phospholipid Analysis of Porcine Lens 
Membranes by MALDI-ToF MS, J Mass Spectrom 39 (2004) 1531-1540. 
[16] M. Rujoi, R. Estrada, M.C. Yappert, In Situ MALDI-ToF MS Regional Analysis 
of Neutral Phospholipids in Lens Tissue, Anal. Chem. 76 (2004) 1657-1663. 
[17] M. Rujoi, J. Jin, D. Borchman, D. Tang, M.C. Yappert, Isolation and Lipid 
Characterisation of Cholesterol-Enriched Fractions in Cortical and Nuclear 
Human Lens Fibers, Invest. Ophthalmol. Vis. Sci. 44 (2003) 1634-1642. 
[18] M. Petkovic, J. Schiller, M. Muller, S. Benard, S. Reichl, K. Arnold, J. Arnhold, 
Detection of Individual Phospholipids in Lipid Mixtures by Matrix-Assisted 
Laser Desorption/Ionization Time-of-Flight Mass Spectrometry: 
Phosphatidylcholine Prevents the Detection of Further Species, Anal. Biochem. 
289 (2001) 202-216. 
 27 
[19] X. Han, R.W. Gross, Shotgun Lipidomics: Electrospray Ionization Mass 
Spectrometric Analysis and Quantitation of Cellular Lipidomes Directly from 
Crude Extracts of Biological Samples, Mass Spectrom. Rev. 24 (2005) 367-412. 
[20] T.W. Mitchell, N. Turner, A.J. Hulbert, P.L. Else, J.A. Hawley, J.S. Lee, C.R. 
Bruce, S.J. Blanksby, Exercise Alters the Profile of Phospholipid Molecular 
Species in Rat Skeletal Muscle, J. Appl. Physiol. 97 (2004) 1823-1829. 
[21] A.M. Hicks, C.J. DeLong, M.J. Thomas, M. Samuel, Z. Cui, Unique Molecular 
Signatures of Glycerophospholipid Species in Different Rat Tissues Analyzed 
by Tandem Mass Spectrometry, Biochim. Biophys. Acta 1761 (2006) 1022-
1029. 
[22] Y. Qi, J. Zhang, Effect of Pyruvate on Polyol Pathway and Lens Epithelial Cells 
Apoptosis in Diabetic Rats, Eye Science 22 (2006) 259-264. 
[23] L.-n. Hao, Y.-q. Ling, Q.-y. Mao, Y.-l. Ling, S.-z. He, The Antagonism of 
Cholecystokinin Octapeptide-8 to the Peroxynitrite Oxidation on a Diabetic 
Cataractal Rat Model, Chin Med J (Engl Ed) 119 (2006) 1451-1457. 
[24] S. Padival, R.H. Nagaraj, Pyridoxamine Inhibits Maillard Reactions in Diabetic 
Rat Lenses, Ophthalmic Res 38 (2006) 294-302. 
[25] A. Yarat, R. Yanardag, T. Tunali, O. Sacan, F. Gursoy, N. Emekli, A. Ustuner, 
G. Ergenekon, Effects of Glibornuride Versus Metformin on Eye Lenses and 
Skin in Experimental Diabetes, Arzneimittel Forschung 56 (2006) 541-546. 
[26] B. Han, X. Li, G. Liang, Q. Zhu, Diabetes Model Induced by Stz-Cfa 
Supplemented with High Fat Feed and Its Feature of Ophthalmopathy 
Involvement in Rats, Yanke Xinjinzhan 25 (2005) 328-330. 
[27] X. Fan, L.W. Reneker, M.E. Obrenovich, C. Strauch, R. Cheng, S.M. Jarvis, 
B.J. Ortwerth, V.M. Monnier, Vitamin C Mediates Chemical Aging of Lens 
Crystallins by the Maillard Reaction in a Humanized Mouse Model, Proc. Natl. 
Acad. Sci. U. S. A. 103 (2006) 16912-16917. 
[28] H. Liu, X. Du, M. Wang, Q. Huang, L. Ding, H.W. McDonald, J.R. Yates, III, 
B. Beutler, J. Horwitz, X. Gong, Crystallin Gb-I4f Mutant Protein Binds to α-
Crystallin and Affects Lens Transparency, J. Biol. Chem. 280 (2005) 25071-
25078. 
[29] S. Melov, N. Wolf, D. Strozyk, S.R. Doctrow, A.I. Bush, Mice Transgenic for 
Alzheimer Disease B-Amyloid Develop Lens Cataracts That Are Rescued by 
Antioxidant Treatment, Free Radic Biol Med 38 (2005) 258-261. 
[30] T. Matsuo, Cyclic Tetrasaccharide Delays Cataract Formation in the Lens in 
Vitro, Cell Preservation Technology 3 (2005) 238-243. 
[31] M.R. Heistand, R.M. Pedrigi, J. Dziezyc, J.D. Humphrey, Redistribution of 
Strain and Curvature in the Porcine Anterior Lens Capsule Following a 
Continuous Circular Capsulorhexis, J Biomech 39 (2006) 1537-42. 
[32] O.M. Oriowo, Alamarblue Bioassay for Cellular Investigation of UV-Induced 
Crystalline Lens Damage, Ophthalmic Physiol. Opt. 23 (2003) 307-14. 
[33] O.M. Oriowo, A.P. Cullen, B.R. Chou, J.G. Sivak, Action Spectrum and 
Recovery for in Vitro UV-Induced Cataract Using Whole Lenses, Invest. 
Ophthalmol. Vis. Sci. 42 (2001) 2596-602. 
[34] R.C. Augusteyn, M.A. Cake, Post-Mortem Water Uptake by Sheep Lenses Left 
in Situ, Mol Vis 11 (2005) 749-751. 
[35] O. Kayikcioglu, S. Egrilmez, S. Emre, T. Erakgun, Human Cataractous Lens 
Nucleus Implanted in a Sheep Eye Lens as a Model for Phacoemulsification 
Training, J. Cataract Refract. Surg. 30 (2004) 555-7. 
 28 
[36] H. Yan, Y. Sun, W. Liu, J. Wang, Y. Wang, Effect of Carnosine on Steroid-
Induced Modification of Lens α-Crystallin, Guoji Yanke Zazhi 5 (2005) 1085-
1089. 
[37] H. Yan, J.J. Harding, Carnosine Inhibits Modifications and Decreased Molecular 
Chaperone Activity of Lens α-Crystalline Induced by Ribose and Fructose 6-
Phosphate, Mol Vis 12 (2006) 205-214. 
[38] M.A. Ostrovsky, Y.V. Sergeev, D.B. Atkinson, L.V. Soustov, J.F. Hejtmancik, 
Comparison of Ultraviolet Induced Photo-Kinetics for Lens-Derived and 
Recombinant β-Crystallins, Mol Vis 8 (2002) 72-78. 
[39] V. Choh, G. Sivak Jacob, D. Meriney Stephen, A Physiological Model to 
Measure Effects of Age on Lenticular Accommodation and Spherical Aberration 
in Chickens, Invest. Ophthalmol. Vis. Sci. 43 (2002) 92-8. 
[40] X. Wang, K. Wu, J. Zeng, Effects of Calcium on Glucocorticoid-Induced 
Cataract in Chicken Embryo, Yanke Yanjiu 23 (2005) 125-127. 
[41] D.C. Beebe, The Control of Lens Growth: Relationship to Secondary Cataract, 
Acta Ophthalmol. Suppl.  (1992) 53-7. 
[42] E. Fahy, S. Subramaniam, A.H. Brown, C.K. Glass, A.H.J. Merrill, R.C. 
Murphy, C.R.H. Raetz, D.W. Russell, Y. Seyama, W. Shaw, T. Shimizu, F. 
Spener, G. van Meer, M.S. VanNieuwenhze, S.H. White, J.L. Witztum, E.A. 
Dennis, A Comprehensive Classification System for Lipids, J. Lipid Res. 46 
(2005) 839-861. 
[43] K.A. Zemski Berry, R.C. Murphy, Electrospray Ionization Tandem Mass 
Spectrometry of Glycerophosphoethanolamine Plasmalogen Phospholipids, J. 
Am. Soc. Mass Spectrom. 15 (2004) 1499-1508. 
[44] G.L. Mills, P.A. Lane,  In Laboratory Techniques in Biochemistry and 
Molecular Biology, Vol. 14, Elselvier Science, New York, 1984. 
[45] J. Folch-Pi, M. Lees, G.H.S. Stanley, A Simple Method for the Isolation and 
Purification of Total Lipides from Animal Tissues, J. Biol. Chem. 226 (1957) 
497-509. 
[46] T. Thai, C. Rodemer, J. Worsch, A. Hunziker, K. Gorgas, W.W. Just, Synthesis 
of Plasmalogens in Eye Lens Epithelial Cells, FEBS J 456 (1999) 263-268. 
[47] B. Brugger, G. Erben, R. Sandhoff, F.T. Wieland, W.D. Lehmann, Quantitative 
Analysis of Biological Membrane Lipids at the Low Picomole Level by Nano-
Electrospray Ionisation Tandem Mass Spectrometry, Proc. Natl. Acad. Sci. U. S. 
A. 94 (1997) 2339-44. 
[48] F. Hsu, J. Turk, Structural Determination of Sphingomyelin by Tandem Mass 
Spectrometry with Electrospray Ionisation, J. Am. Soc. Mass Spectrom. 11 
(2000) 437-449. 
[49] K. Ekroos, S. Ejsing Christer, U. Bahr, M. Karas, K. Simons, A. Shevchenko, 
Charting Molecular Composition of Phosphatidylcholines by Fatty Acid 
Scanning and Ion Trap MS3 Fragmentation, J. Lipid Res. 44 (2003) 2181-92. 
[50] M.C. Thomas, T.W. Mitchell, D.G. Harman, J.M. Deeley, R.C. Murphy, S.J. 
Blanksby, Elucidation of Double Bond Position in Unsaturated Lipids by Ozone 
Electrospray Ionization Mass Spectrometry, Anal. Chem.  (2007). 
[51] M.C. Thomas, T.W. Mitchell, D.G. Harman, J.M. Deeley, J.R. Nealon, S.J. 
Blanksby, Ozone-Induced Dissociation: Elucidation of Double Bond Position 
within Mass-Selected Lipid Ions, Anal. Chem. 80 (2008) 303-311. 
[52] G. Liebisch, B. Lieser, J. Rathenberg, W. Drobnik, G. Schmitz, High-
Throughput Quantification of Phosphatidylcholine and Sphingomyelin by 
 29 
Electrospray Ionization Tandem Mass Spectrometry Coupled with Isotope 
Correction Algorithm, Biochim. Biophys. Acta 1686 (2004) 108-17. 
[53] M. Koivusalo, P. Haimi, L. Heikinheimo, R. Kostiainen, P. Somerharju, 
Quantitative Determination of Phospholipid Compositions by ESI-MS: Effects 
of Acyl Chain Length, Unsaturation, and Lipid Concentration on Instrument 
Response, J. Lipid Res. 42 (2001) 663-672. 
[54] X. Han, K. Yang, J. Yang, K.N. Fikes, H. Cheng, R.W. Gross, Factors 
Influencing the Electrospray Intrasource Separation and Selective Ionization of 
Glycerophospholipids, J. Am. Soc. Mass Spectrom. 17 (2006) 264-274. 
[55] X. Han, Characterization and Direct Quantitation of Ceramide Molecular 
Species from Lipid Extracts of Biological Samples by Electrospray Ionization 
Tandem Mass Spectrometry, Analytical Biochemistry 302 (2002) 199-212. 
[56] T.W. Mitchell, K. Ekroos, S.J. Blanksby, A.J. Hulberth, P.L. Else, Differences 
in Membrane Acyl Phospholipid Composition between an Endothermic 
Mammal and an Ectothermic Reptile Are Not Limited to Any Phospholipid 
Class, J. Exp. Biol. 210 (2007) 3440-3450. 
[57] R. Ehehalt, J. Wagenblast, G. Erben, W.D. Lehmann, U. Hinz, U. Merle, W. 
Stremmel, Phosphatidylcholine and Lysophosphatidylcholine in Intestinal 
Mucus of Ulcerative Colitis Patients. A Quantitative Approach by 
Nanoelectrospray-Tandem Mass Spectrometry, Scand J Gastroenterol 39 (2004) 
737-742. 
[58] T.W. Mitchell, R. Buffenstein, A.J. Hulbert, Membrane Phospholipid 
Composition May Contribute to Exceptional Longevity of the Naked Mole-Rat 
(Heterocephalus Glaber): A Comparative Study Using Shotgun Lipidomics, Exp 
Gerontol 42 (2007) 1053-1062. 
[59] M.I. Gurr, J.L. Harwood, K.N. Frayn,  Lipid Biochemistry; an Introduction, 
Blackwell Science, Carlton, Victoria, 2002. 
[60] W.C. Byrdwell, D. Borchman, Liquid Chromatography/Mass-Spectrometric 
Characterization of Sphingomyelin and Dihydrosphingomyelin of Human Lens 
Membranes, Ophthalmic Res 29 (1997) 191-206. 
[61] E.S. Kaneshiro, Z. Guo, D. Sul, K.A. Kallam, K. Jayasimhulu, D.H. Beach, 
Characterizations of Pneumocystis Carinii and Rat Lung Lipids: Glyceryl Ethers 
and Fatty Alcohols, J. Lipid Res. 39 (1998) 1907-1917. 
[62] R.J. Cenedella, Regional Distribution of Lipids and Phospholipase A2 Activity 
in Normal and Cataractous Rat Lens, Curr. Eye Res. 4 (1985) 113-20. 
[63] W.C. Byrdwell, Dual Parallel Mass Spectrometers for Analysis of Sphingolipid, 
Glycerophospholipid and Plasmalogen Molecular Species, Rapid Commun. 
Mass Spectrom. 12 (1998) 256-272. 
[64] P. Meneses, J.V. Greiner, T. Glonek, Comparison of Membrane Phospholipids 
of the Rabbit and Pig Crystalline Lens, Exp. Eye Res. 50 (1990) 235-40. 
[65] C. Michel, G. van Echten-Deckert, J. Rother, K. Sandhoff, E. Wang, A.H. 
Merrill, Jr., Characterization of Ceramide Synthesis. A Dihydroceramide 
Desaturase Introduces the 4,5-Trans-Double Bond of Sphingosine at the Level 
of Dihydroceramide, J. Biol. Chem. 272 (1997) 22432-22437. 
[66] D. Borchman, C. Byrdwell, C. Yappert, Regional and Age-Dependent 
Differences in the Phospholipid Composition of Human Lens Membranes, 
Invest. Ophthalmol. Vis. Sci. 35 (1994) 3938-3942. 
[67] L. Li, L. So, A. Spector, Age-Dependent Changes in the Distribution and 
Concentration of Human Lens Cholesterol and Phospholipids, Biochim. 
Biophys. Acta 917 (1987) 112-120. 
 30 
[68] E. Cotlier, Y. Obara, B. Toftness, Cholesterol and Phospholipids in Protein 
Fractions of Human Lens and Senile Cataract, Biochim. Biophys. Acta 530 
(1978) 267-78. 
[69] S.J. Wakil, Lipid Metabolism, Annu. Rev. Biochem. 31 (1962) 369-406. 
[70] R.M. Broekhuyse, Lipids in Tissues of the Eye. Ix. Membrane Lipids and 
Proteins in Aging Lens and Cataract, Hum. Lens - Relat. Cataract, Ciba Found. 
Symp.  (1973) 135-49. 
[71] R.M. Broekhuyse, E.D. Kuhlmann, Lens Membranes. Iv. Preparative Isolation 
and Characterization of Membranes and Various Membrane Proteins from Calf 
Lens, Exp. Eye Res. 26 (1978) 305-20. 
[72] J. Alcala, J. Valentine, H. Maisel, Human Lens Fiber Cell Plasma Membranes. I. 
Isolation, Polypeptide Composition and Changes Associated with Aging, Exp. 
Eye Res. 30 (1980) 659-77. 
 
 31 
Figure 1
0
200
400
600
800
1000
1200
1400
1600
1800
2000
Rat Mouse Sheep Cow Pig Chick Human
A
m
ou
nt
 o
f P
ho
sp
ho
lip
id
 (n
m
ol
es
/g
 w
et
 ti
ss
ue
 w
ei
gh
t) SM(d18:0)
SM(d18:1)
GPCho
GPEtn
GPSer
GPA
GPIns
 32 
Figure 2 
 
 
 
 
 33 
Figure 3
 34 
Figure 4 
 
 35 
Figure 5 
 
 
 
 
 
 36 
Figure 6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 37 
Figure 7 
0
1
2
3
4
5
6
7
8
Mouse Rat Chicken Pig Cow Sheep Human
C
ho
le
st
er
ol
 (m
g/
g 
w
et
 ti
ss
ue
)
 38 
Figure 8 
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Table Captions 
 
Table 1. Abundant animal lens phospholipids. The two most abundant phospholipids 
within each phospholipid class. The mean relative abundance of each phospholipid as a 
percentage of that phospholipid class is listed in parentheses (N=4). SM(d18:1), 
sphingomyelin; SM(d18:0), dihydrosphingomyelin; GPCho, phosphatidylcholine; 
GPEtn, phosphatidylethanolamine; GPSer, phosphatidylserine; GPA, phosphatidic acid; 
GPIns, phosphatidylinositol; e, 1-O-alkyl ether; p, 1-O-alkenyl ether; X, not observed. 
A complete table, showing the identity and quantity of all phospholipids observed in 
each animal lens, is available as supplementary material.  
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Figure Captions 
Figure 1 
The concentration of each phospholipid class in human (60 years old) and animal 
lenses. SM(d18:1), sphingomyelin; SM(d18:0), dihydrosphingomyelin; GPCho, 
phosphatidylcholine; GPEtn, phosphatidylethanolamine; GPSer, phosphatidylserine; 
GPA, phosphatidic acid. Data are presented as mean + SEM (N=4) 
 
Figure 2 
Positive ion mass spectra of the phosphocholine cation (m/z 184) precursors showing 
the profile of all phosphocholine containing phospholipids, i.e. phosphatidylcholine 
(GPCho), sphingomyelin [SM (d18:1)] and dihydrosphingomyelin [SM (d18:0)], in a 
lens lipid extract from each species. The internals standards SM (d18:0/12:0) (m/z 
649.7) and GPCho (19:0/19:0) (m/z 818.8) are highlighted. 
 
Figure 3 
Positive ion neutral loss mass spectra of 141Da (phosphoethanolamine) showing the 
phosphatidylethanolamine (GPEtn) profile in a lens lipid extract from each species. The 
internals standard GPEtn (17:0/17:0) (m/z 720.7) is highlighted. 
 
Figure 4  
The positive ion CID spectra of A) GPEtn (18:1p/18:1) in a pig lens crude lipid extract, 
and B) GPEtn (18:1e/18:1) in a 60 year old human lens crude lipid extract. 
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Figure 5 
Positive ion neutral loss mass spectra of 185 Da (phosphoserine) showing the 
phosphatidylserine (GPSer) profile in a lens lipid extract from each species. The 
internals standard GPSer (17:0/17:0) (m/z 764.7) is highlighted. 
 
Figure 6 
Negative ion mass spectra of the dehydrated glycerphosphate anion (m/z 153) 
precursors in a lens lipid extract from each animal. This scan displays most anionic 
phospholipid classes, i.e, phosphatidic acid (GPA), Phosphatidylglycerol (GPGro), 
phosphatidylserine (GPSer) and phosphatidylinositol (GPIns). In this study however, 
this scan was only used for the identification and quantification of GPA and GPGro. 
The internals standards GPA (17:0/17:0) (m/z 675.6), GPGro (17:0/17:0) (m/z 749.6) 
and GPSer (17:0/17:0) (m/z 762.6) are highlighted. 
 
Figure 7 
A comparison of cholesterol concentration in lens lipids extracts. Data are presented as 
mean + SEM. (n=4) 
 
Figure 8 
The relative abundance of phospholipid classes in animal lens crude lipid extracts 
compared to 60 year old human. Each pie chart is constructed from the mean mole 
percent of each phospholipid class (n=4). SM(d18:1), sphingomyelin; SM(d18:0), 
dihydrosphingomyelin; GPCho, phosphatidylcholine; GPEtn, 
phosphatidylethanolamine; GPSer, phosphatidylserine; GPA, phosphatidic acid; GPIns, 
phosphatidylinositol. 
